Some of the high Tc iron pnictides contain magnetic rare-earth elements, raising the question of how the existence and tunability of a d-electron antiferromagnetic order influences the heavy fermion behavior of the f -moments. With CeOFeP and CeOFeAs in mind as prototypes, we derive an extended Anderson lattice model appropriate for these quaternary systems. We show that the Kondo screening of the f -moments are efficiently suppressed by the d-electron ordering. We also argue that, inside the d-electron ordered state (as in CeOFeAs), the f -moments provide a rare realization of a quantum frustrated magnet with competing J1-J2-J3 interactions in an effective square lattice. Implications for the heavy fermion physics in broader contexts are also discussed.
The homologous rare-earth iron arsenides exhibit antiferromagnetic (AF) ground states in addition to the high temperature superconductivity [1, 2, 3, 4, 5] . The systems of interest here are the arsenides RO x F 1−x FeAs, with R = Ce, Sm, Nd, Pr,... being magnetic rare earths, which have superconducting transition temperatures higher [2, 3, 4, 5] than the maximal T c ≈ 26 K of LaO x F 1−x FeAs [1] . The parent compounds of these systems, ROFeAs, have a layered structure, with FeAs and RO layers sandwiching each other. They typically show a collinear AF order and a structure distortion, which are successively suppressed by carrier doping in favor of superconductivity [6] . Also of interest are the iron phosphides. LaOFeP was the iron pnictide reported to show superconductivity below T c ≈ 4 K [7] . This compound has the same layered structure as LaOFeAs, but does not order magnetically [8] .
The distinction between the iron phosphides and arsenides becomes even more pronounced when La is replaced by Ce. CeOFeP is neither superconducting nor magnetically ordered, and its Ce f -electrons exhibit heavy fermion behavior with a Kondo temperature T K ≈ 10 K [9] . CeOFeAs has the d-electron collinear AF ordering below T
], but does not show any heavy fermion features. What underlies the heavy fermion behavior in CeOFeP and its absence in CeOFeAs? One possibility is that this primarily reflects the very different interlayer 3d-4f couplings between CeOFeP and CeOFeAs, as suggested by a first-principle LDA+DMFT study [11] . However, a more complete theoretical estimate using a full density of states, which is strongly peaked away from the Fermi energy, suggests that the effective Kondo couplings in CeOFeP and CeOFeAs may in fact be comparable [12] . Muon-spinrelaxation and neutron scattering experiments [13, 14] may also be interpretted in terms of a sizable Kondo coupling in CeOFeAs.
In this Communication, we discuss the possibility that the distinction in the d-electron magnetism between CeOFeP and CeOFeAs plays an important role in influencing their heavy fermion behavior. This mechanism is expected to play an especially important role when we consider not only the end materials CeOFeP and CeOFeAs, but also the series CeOFeAs 1−x P x , which has been proposed to realize a continuously varying d-electron AF order and the associated quantum critical point [15] .
Studying the effect of the d-electron AF order on the heavy fermion phase diagram not only sheds new light on the properties of the iron pnictides, but also represents a new twist to the heavy fermion physics in general. Typically, AF order in heavy fermion metals is induced by the RKKY interactions among the f -moments, and the heavy fermion phase diagram involves the competition between RKKY and Kondo coupling [16, 17] . A tunable d-electron AF order adds a new dimension to the heavy fermion phase diagram.
In the following, we will consider this effect within an extended Anderson lattice model (ALM) appropriate for the stoichiometric R-1111 compounds ROFeX (X=As or P). The model incorporates the inter-layer hybridization between pnictogen X p-orbitals and rare earth R f -orbitals. We note in passing that the derived model takes into account the microscopic crystal structure and symmetry of the R-1111 compounds. Given that there are many materials of the same ZrCuSiAs-type structure [18] , with many of them containing magnetic rare-earth elements, we expect that our model will also be germane to many such related compounds [19] .
General considerations. The lattice structure of the R-1111 compound series is schematically shown in Fig. 1 . Let Fe-atoms be in the (x, y)-plane with the coordinate ( r, 0), where, r = (i x , i y ), i x and i y are both integers (the nearest Fe-Fe distance is set to unity). The coordinates of X-and R-atoms are ( r p , ηz p ) and ( r f , ηz f ) respectively, where
iπ(ix+iy) , z p and z f are the distances of Xand R-atoms to the Fe-plane. We denote the d-, p-, and f -electrons by d
The model Hamiltonian. The hybridization part of the Hamiltonian is given by H hybrid = H pd + H pf , where
Here we introduce D
σ (i x + 1/2, i y + 3/2, ηz f ) as the plaquette operators of d-and f -electrons around X-atoms. (Summations over the repeated spin and channel indices are implied hereafter unless otherwise specified.)
The interaction part of the Hamiltonian, f , respectively. It is expected that U p is small compared to the other Coulomb interactions. We will therefore set U p = 0, in which case the p-orbitals can be readily integrated out. The obtained effective HamiltonianH takes the form
Here
p . In the momentum K-space (in the reduced Brillouin zone corresponding to two Fe-atoms in the conventional cell with lattice constant a = √ 2),
ηKσ , and
ηKσ are the Fourier transform of d-and f -electron operators in the sublattices η = A or B, respectively. The K-dependence of the dispersions and d-f hybridization is only encoded in the form factors, given by g
The d-electron correlations. For moderate large U d , we may start from the strong coupling limit yielding the frustrated J 1 -J 2 Heisenberg model for the d-electrons [20, 21, 22] . The itinerancy of the d-electrons will further reduce the ordered moments and eventually lead to a paramagnetic phase [15] . In fact, both the weak-and strong-coupling limits suggest that the staggered magne-
ηK+Q↓ } is a dominating order parameter with Q = (π, π) and N being the number of K points in the reduced Brillouin zone. For the purpose of demonstrating the effect of d-electron order on the Kondo effect, we treat M (α) d as the mean field parameters and approximate
ηK+Qσ + h.c.], with J d being the effective coupling strength. The AF ordering gap, ∆
d , is sizable for FeAs but vanishes for FeP.
Kondo effect vs. d-electron ordering. In order to understand the competition between the Kondo effect and d-electron AF order, we first neglect the f -electron ordering. We are then led to consider
In the absence of d-electron ordering, Eq. (4) is the ALM with weak f -electron dispersion and momentumdependent hybridization. (The effect of momentumdependent hybridization on the Kondo effect has recently been studied in other contexts [23, 24] .) For sufficiently large U f , and with the f -levels being well below Fermi energy, we are in the Kondo limit. To concretely demonstrate how the d-electron AF order influences the Kondo effect, we consider the resulting Kondo lattice model with a single f -electron channel and two d-electron bands. In the slave-boson representation, this becomes
Here, the Lagrange multiplier λ enforces the single occupancy of f -electrons. The mean-field parameter
kσ /2 describes the Kondo screening and sets the Kondo scale, T K ∝ b 2 . The anisotropic hybridization form factor V df (k) = 4 cos k x /2 cos k y /2. The energy dispersion for d-electrons are taken to be [25] :
with t 1 = −1, t 2 = 1.3, t 3 = t 4 = −0.85. In our numerical study, we choose J K = 0.04, temperature T = 10 −10 |t 1 |, and the lattice size N L = 3200 × 3200. When we vary the AF order parameter, the chemical potential is adjusted such that the d-electrons are fixed at the half-filling n d = 2.0. Fig. 2 shows that the d-electron AF order rapidly suppresses the Kondo scale. This suppression is closely related to the depression of the d-electron density of states (DOS) in the collinear AF state of undoped iron arsenides (see the inset of Fig. 2 ). The feature of low energy DOS is sensitive to the degree of nesting and the DOS minimum is not necessarily located precisely at the Fermi energy (see, e.g., the case of M d = 0.021 in Fig. 2) ; the latter explains the effective Kondo scale first rising and then dropping with the AF order. Furthermore, the incomplete nesting of the Fermi surface keeps the depressed DOS finite (unlike, say, in the superconducting state) at the Fermi energy such that the T = 0 ground state has the f -moment always Kondo screened on the lattice.
We should stress that, for the purpose of a semiquantitative assessment of the proposed mechanism, we have considered the upper limit for the Kondo scale in the AF state: we have coupled the f -moments to only the quasiparticles of the d-electron AF state and have also neglected the f -moment ordering; moreover, a genuine f -electron quantum phase transition will be induced by breaking the Kondo screening upon the inclusion of the standard RKKY-Kondo competition [26, 27, 28] . We can therefore infer that the mechanism proposed here provides a viable basis to understand the distinct f -electron heavy fermion behaviors in CeOFeP (M d ≈ 0) and CeOFeAs (M d ≈ 0.8 [10] ). Our results also set the stage for understanding the evolution of the heavy fermion behavior in the CeOFeAs 1−x P x series. In general, there will be two magnetic quantum critical points x c1 and x c2 , associated with the d-and f -electrons, respectively. The RKKY interaction would then dominate in the intermediate region of x, leading likely to a ferromagnetic order before the heavy fermion state is approached.
Magnetic frustration of the f -electrons. We now turn to the exchange interactions among the f -moments. Consider first the superexchange interaction, which can be derived by integrating out the virtual valence fluctuations of the f -electrons. From Eq. 
). This is the superexchange interaction associated with the R-X-R path, which does not mix the odd and even sublattices of the f -sites in a single RO layer (see Fig. 3(a) ). There will also be a superexchange interaction from the R-O-R path, due to the hybridization between the 4f -orbitals of X-atoms and the 2p-orbitals of O-atoms; this superexchange mixes the odd and even sublattices (see Fig. 3(b) ). In the notations of an effective square lattice of the f -sites (c.f. Fig. 3(c) ) the R-O-R path gives (b) (c) (a)
